The textile reinforcements used for composites are multiscale materials. A fabric is made of woven yarns themselves composed of thousand of juxtaposed fibres. For the simulation of the draping of these textile reinforcements several families of approaches can be distinguished in function of the level of the modelling. The continuous approaches consider the fabric as a continuum with a specific behaviour. The discrete approaches use models of some components such as the yarns and sometimes the fibres. Different approaches used for the simulation of woven reinforcement forming are investigated in the present paper. Among them, an approach based on semi discrete finite elements made of woven unit cells under biaxial tension and in-plane shear is detailed. The advantage and inconvenient of the different approaches are compared.
INTRODUCTION
Fibre fabrics are among the most efficient reinforcements for thin composite materials. The use of glass, carbon or aramid fibres is much increasing, in particular in aeronautic industry where the composite use is in strong augmentation. Complex shapes can be obtained by deformation of the fabrics on a given surface. Conception of such components is delicate because the feasibility of a shape depends on the mechanical behaviour and orientation of the fabric during the forming stage that precedes resin injection (R.T.M. process [1] ) or resin polymerisation (prepreg draping [2] ). There are two main reasons for simulating the composite forming process. The first concerns the process itself. The simulation can give the conditions (for instance loads on the tools, initial orientation, type of material etc) that will make the forming possible, and also describe possible defects after forming (wrinkles, porosities, yarn fractures etc). Secondly, and unique to composite forming analysis, is the need to know at any point the directions and density of the fibres after forming. A woven composite reinforcement can be formed on a double curved shape because of the possible angle variations between warp and weft yarns. These angle variations can be very large, up to 50°, and consequently the yarn directions depend significantly on the forming process. The directions and densities of fibres are also very important for analysing how the composite part will behave in use, with regards to stiffness, damage, fatigue etc.
Mechanics of fibre fabrics is a three scale problem. At macroscopic scale, the fabric can be considered as a continuous 3D surface medium. At an intermediate scale (mesoscopic), the woven yarns lead to a very specific mechanical behaviour. They permit large in plane shear strain that is used for forming on double curved surface and they lead to tensile non linearities due to undulation change [3] . Finally the yarns are made of fibres the diameter of which is usually from 5 to 25 mm (microsopic scale). The shape of the yarn cross sections is mainly influenced by the laying out of the fibres and by their contact and friction during the deformation of the fabric. The fabric macroscopic behaviour results from these phenomena at a lower scale. This leads to a very specific, often non linear and rather complex mechanical behaviour.
If it is natural to first consider the macroscopic scale for fabric forming simulation, the importance of phenomena at lower scales has lead to develop some methods where the components at mesoscopic scale are modelled. These different approaches are described and their advantages are compared. In particular, the semi discrete method where finite element are composed of unit woven cells studied at mesoscopic scale is detailed.
CONTINUOUS APPROACH 2.1. Kinematic models
The most commonly used approach for analysing composite forming processes, and especially draping in woven composite reinforcements, is kinematic models [4] . A pure kinematic model replaces a fabric layer with a net of inextensible yarns pinned together at intersection. The method is known as the fishnet algorithm. The yarns of the fabric are assumed to be inextensive and the rotation between warp and weft directions is free. The position on the draped surface of a point is determined from its two neighbour points already on this surface. The known length between this point and its neighbours in warp and weft directions lead to a geodesic intersection problem which is usually non-linear but which is scalar and very small. This method is very fast and fairly efficient especially for hand draping of prepreg fabrics. Several packages are commercially available and the method is routinely used in composite design offices. Nevertheless this approach based on very strong assumptions has major drawbacks. It does not account for load boundary conditions, for possible sliding of the fabric in relation to the tools, and the mechanical behaviour of the woven reinforcement. In order to take these aspects into account, new approaches for fabric forming simulations are mechanical approaches developed within a finite element approximation.
Hypoelastic model for fibrous materials
The multiscale nature of the composite and of its fibrous reinforcement permits different possible approaches. The first one considers the fibrous reinforcement as a continuum. The reinforcement is not continuous at lower scales but it is usually continuous in average and a continuous material superimposed to the fibrous material can be considered. Nevertheless, the constitutive model of this continuum will have to convey the very specific mechanical behaviour of the fibrous reinforcement. Especially this behaviour is mainly depending on the fibre directions that are strongly changing during forming. It has been shown that the approaches usually used for anisotropic metal forming cannot be used here. Other specific aspects of fibrous reinforcement mechanical behaviour, such as crimp change and shear locking, should also be taken into account in the model. There are several models [5] [6] [7] [8] [9] . Most of them assume that the fibrous reinforcement is elastic while forming.
For finite strain analyses, FE codes widely use rate elastic constitutive equations (hypoelastic law):
and ' are respectively the Cauchy stress tensor and the strain rate tensor. ¾ is the objective derivative of associated to rotation 4 . The classical
Hughes and Winget incremental scheme is constructed from equation (1) for stress calculation at time t n+1 from stress at t
For a fibrous medium, the constitutive tensor & is oriented by I the fibre direction. I is a material di- 
H is rotated by 4 (Fig. 1) . To solve this problem two approaches are developed for fibrous media within the hypoelastic formulation presented above. The first one [6, 7] uses the classical Green Naghdi objective derivative that is used in user-subroutine of codes such as ABAQUS. All the calculations are performed in the corresponding rotated frame (Green Naghdi's one). The material behaviour operator is obtained in this frame from its specific form in the fibre frame by a basis change. The second approach [8] consists in using another objective derivative defined from the fibre rotation. It can be shown that in some case the second approach is preferable. 
Hyperelastic model for fibrous materials
The hyperelastic approach is less used in continuous mechanical behaviour models for fibrous material. Nevertheless some first works are proposed based on a energy potential adapted to fabric deformation modes [9] .
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The two first terms represent the tensile energy and the in-plane shear energy respectively (l 1 , l 2 are the extensions in warp and weft directions and q 12 is the angle between these directions). The second Piola Kirchoff stress tensor components are obtained by deriving this potential relatively to the right Cauchy-Green strain tensor. An example of hemispherical forming simulation based on this approach is shown Fig. 2 . In this test there is no blank holder. The deformed shape obtained, if the in plain shear stiffness is neglected, is shown Fig.  2(a) . If this shear rigidity is taken into account, there are many wrinkles due to the lack of blank holder ( Fig. 2(b) ).
DISCRETE APPROACH
The opposite approach is to see the fibrous reinforcement as a set of elements at lower scales such as the yarns, woven cells, fibres etc. The FE analysis is then concerned with those elements that are in contact or are linked by springs. Although some approaches at the microscopic scale exist [10] , discrete approaches for textile forming are generally made at mesoscopic scale [11, 12] . The advantage over the continuous approach is that the description of the internal structure of the reinforcement naturally accounts for some aspects of the material, such as the directions of the fibres. Nevertheless, it is difficult to delineate models that are efficient enough at the mesoscale but simple enough to be able to analyse a forming process. Beam, truss or spring elements are the more common descriptions for yarns. Fig. 3 shows a meso-mechanical FE modelling of NCF which uses 3D elements for each yarn and bar element for stitching [12] . 
SEMI DISCRETE APPROACH 4.1. Finite elements made of woven unit cells
This approach is somewhat intermediate between the continuous and discrete approaches. It associates a finite element description of the fabric with a mesoscopic analysis of the woven unit cell. Specific finite elements are defined such that they are made of a discrete number of woven unit cells (Fig. 4) . The description of the fabric by finite elements needs to assume that two points of a weft and a warp yarns, initially superimposed, remain superimposed after forming. i.e. there is no translation sliding between the yarns. That has been experimentally shown in most cases [13] .
A global simplified dynamic equation is considered: Fig. 3 : A representative cell of the meso-mechanical model for NCF [12] . & g )) can be determined both by experiments or mesoscopic F.E. on the unit woven cell [8] . This model will permit to describe most specificities of textile reinforcement mechanical behaviour, especially the non-linear tensile behaviour due to crimp interchange and the very different in plane shear behaviour before and after the shear locking angle. From the simplified dynamic equation (4), the nodal interior load components ( )
) of the 3 node discrete finite element are obtained from the strain interpolation matrix:
The detailed formulation of the element can be found in [14] .
Forming of a unbalanced fabric
A 300x300 mm 2 woven fabric is shaped by a hemispherical punch (diameter = 150mm). The fabric is used in automotive industry. Fig. 5 shows the warp and weft yarns that are very different. The rigidity in the warp direction is 140 N/mm while the weft stiffness is 0.56 N/mm. This leads to a very different shape in warp and weft directions after forming. The weft yarns are much stretched while the strains in the warp yarn are very small. The simulation is performed using the semi-discrete finite elements presented in section 4.1. First, a blank holder covers all the flat part of the fabric blank. The computed deformed shape and shear angles are shown in Fig. 6 . The shear angles are large (up to 45°). The deformed shape is very unsymmetrical relatively to warp and weft directions. Although the shear angles are large, there is no wrinkle because of the covering blank holder. Fig. 7 shows the result of the simulation of the same fabric blank when the blank holder is reduce to a 15 mm ring (weight = 6 kg). The semi discrete approach (section 4.1) is used for this simulation too. There are many wrinkles in the after forming computed shape. These wrinkles are located outside the blank holder. In this case the ratio l weft /l warp at the central point of the punch is 1.85 which is in good agreement with experiments results obtained on this process [15] .
The two simulations (Figs 6 and 7) show that good results are obtained with the semi-discrete approach on this very unbalanced fabric forming. The unbalanced nature of the fabric is well taken into account and leads to a non-symmetrical result of the simulation. Remark : if a kinematic model (as presented in section 2.1) would be used to perform this simulation it would lead to the same deformation in warp and weft direction This is very far of the solution in this case.
Hemispherical forming of 2 plies
In some processes, several plies differently oriented are simultaneously formed. This leads to large relative sliding between the plies due to their different orientations. The final shapes of the two plies are very different. The global final state depends on the stiffness of the different plies and on the friction between them. Fig. 8 shows the result of a two plies forming simulation (plies initially oriented at ± 45 and 0-90°). It is based on the semi discrete approach described in section 4.1. It can be seen that the deformation of the two plies are very different and that there are large sliding between the plies.
ADVANTAGE AND INCONVENIENTS OF THE DIFFERENTS APPROACHES
The kinematic methods based on the so-called fishnet algorithm are routinely used in composite design offices. Commercial softwares give fast solutions to draping simulations. Nevertheless these solutions are coarse approximations because the mechanical behaviour of the textile composite reinforcement and the loading on the tools are not taken into account. That is why most of the currently developed methods use the finite element method associated to a mechanical behaviour model of the woven fabric and take the loads due to the tools into account.
In the continuous or macroscopic approaches, the woven reinforcement is considered as a continuum and its specific mechanical behaviour due to weaving must be taken into account in the constitutive model of the fabric. It is essential to follow strictly the direction of warp and weft yarns. For this, hypoelastic approaches have been developed. In particular it is possible to use an objective derivative based on the fibre rotation. Hyperelastic models are probably an interesting alternative and some developments in this field are starting. Nevertheless, the continuous approach considers the textile material at macroscopic level and it is difficult to take into account the phenomena at lower scale with a reasonably simple constitutive law. For instance, crimp or yarn compaction effects are generally not included in the models.
The discrete approaches model the components at lower scale within a finite element method. The modelling generally concerns the woven yarns and the method is called mesoscopic. Sometime it concerns the fibres and the method is called microscopic. The advantage of this approach is that the specific phenomena due to the internal structure of woven materials are naturally described. Of course the inconvenient is the very large computational time needed by these models if a whole forming process simulation is performed. In fact, most draping simulations cannot be achieved by this approach today. But the mesoscopic approach will become more common as analysts take advantage of computing improvements.
The semi-discrete approach uses continuous finite elements and consequently keeps the reasonable size of the numerical model but includes within the elements woven cells with their specific mesocopic behaviour. That permits efficient computations while taking specificity of the textile materials into account. 
CONCLUSION
Composite reinforcement forming simulations is a field which undergoes many developments. Different approaches exist and mainly differ according to the scale at which the modelling is made. The continuous approaches involve defining an equivalent continuous mechanical behaviour for the fibrous reinforcement at the macroscopic level, whereas the discrete or mesoscopic approach models the components of the reinforcement at the mesoscopic level. It is difficult to predict what will be the approach that will establish as the more efficient in the future. While most industrial analysis currently uses the continuous approach, the mesoscopic approach will probably become more common with computing improvements.
